The erosion behaviour of X65 pipeline steel in simulated formation water was investigated under different flow velocities and sand concentrations by using numerical simulation and experimental methods. In the numerical simulation, the geometry model was first built according to the erosion loop system in the experimental test, and then the shear stress transport (SST) k-ω turbulence model and the discrete phase model (DPM) were applied to simulate the fluid path and the erosion rate during the erosion process. In the experimental test, the erosion rate of X65 steel was determined under different flow velocities and sand concentrations by using a water-sand erosion loop system. The numerical simulation and experimental results showed that the erosion rate of X65 steel clearly increased with the increasing flow velocity and sand concentration, and there is good agreement between the numerical simulation erosion rate and the experimental results.
INTRODUCTION
Erosion or erosion-corrosion are the main failure modes for pipes and overflow components in the field of oil and gas production due to flow-induced corrosion. The erosion behaviour of materials not only is influenced by the characteristic of corrosion media (salt concentration, pH value, temperature, etc.) but also depends on the fluid flow parameters (such as flow velocity, particle concentration and impact angle) [1] [2] [3] and the particle parameters (such as particle size, hardness and shape) [4, 5] . Thus, there is great significance to reveal the effect of the erosion parameters on the erosion behaviour and mechanism of materials.
For the erosion-corrosion of materials, experimental testing and numerical simulation methods are normally applied [6] [7] [8] [9] [10] [11] [12] . In the aspect of experimental tests, the erosion-corrosion behaviour of 3003 aluminium alloy in ethylene glycol-water solution was investigated by using the impingement jet system and rotating disk electrode methods, which indicated that the erosion-corrosion rate of aluminium alloy significantly increased with the increasing sand concentration and rotation speed [7, 8] . The erosioncorrosion behaviour of X52 steel under different flow velocities was investigated by a combination of the impinging jet apparatus and the electrochemical method, and the experimental results showed that the anodic current density of X52 steel in the water increased with the flow velocity [9] . In the aspect of numerical simulation, the symmetric geometry model and the standard k-ε turbulence model were applied to simulate the erosion behaviour of materials under different impact angles, and the velocity distribution plots of the water phase and the particle trajectories in diluted water-sand flows were well presented [10] . The pressure and erosion contours on the wall of the 90° elbow were predicted by using the standard k-ε model and the solid particle erosion model, and the maximum erosion was located near the area with maximum pressure [11] . By combining the numerical simulation and experimental test methods, Nguyen [12] analysed the erosion rate of SUS304 stainless steel in the water while containing sand under different operation times and flow velocities. It was found that the erosion rate by the numerical simulation method exhibited the same trend as the experimental results, but there was a large error between the numerical and experimental data.
In this work, the erosion behaviour of X65 pipeline steel in simulated formation water was investigated by using a water-sand loop system under different sand concentrations and fluid velocities. Then, the geometry model, shear stress transport (SST) k-ω turbulence model and discrete phase model (DPM) were applied to simulate the erosion behaviour and the erosion rate by using ANASYS Fluent software. By comparing the numerical result with the experimental data, the effects of the flow velocity and sand concentration on the erosion behaviour were discussed, and the simulation model for the erosion of X65 pipeline steel in simulated formation water could be validated.
EXPERIMENTAL
The erosion of X65 pipeline steel in simulated formation water was carried out in a homemade water-sand erosion loop system, which was composed of a control cabinet, screw pump, flow meter, sand feeder, solution tank, flowing jet and sample holder, as shown in Fig. 1 . The flow velocity of water in the range of 5 to 20 m/s was adjusted by the rotation handle on the screw pump, and the sand concentration in water in the range of 0 to 0.2 wt.% was controlled by a sand feeder. The diameter of the flowing jet was 4 mm, and the distance and impingement angle between the jet and sample were fixed at 20 mm and 90°, respectively.
The chemical composition of X65 pipeline steel is shown in Table 1 , and the simulated formation water was composed of NaCl, KCl, CaCl2, Na2SO4, MgCl2•6H2O and NaHCO3 components, as presented in Table 2 [13] . Before the erosion test, X65 steel samples with the dimensions of 20×15×4 mm 3 were abraded by silicon carbide paper (from 400# to 2000#) and were polished, cleaned and dried.
The weight of the samples was determined by using an electronic balance with an accuracy of 0.1 mg. The erosion test of X65 steel was carried out in simulated formation water with the flow velocities of 11, 14 and 17 m/s and sand concentrations of 0.05%, 0.10% and 0.20% (wt.%). The duration of the erosion test is 6 hours. After the erosion test, the samples were cleaned and weighed. The erosion rate of the X65 pipeline steel was calculated by using the following formula:
where is the erosion rate in kg/(m 2 •h); m0 is the mass weight before test (kg); m1 is the mass weight after the erosion test (kg); S is the exposed surface area of sample (m 2 ); and t is the test duration (s). The surface morphology of the test sample was observed by scanning electron microscopy (SEM).
To compare with the numerical simulation results, the erosion tests of X65 steel were also performed in simulated formation water without sand particles under different flow velocities. 
NUMERICAL SIMULATION

Geometry and mesh models
According to the above experimental design, the geometry model for flowing jet and sample was created, as shown in Fig. 2a . The geometry model is composed of three parts. One part is labelled as Inlet and Wall-1, which is used to simulate the flowing jet. The second part is Wall-2, which is used to simulate the test sample, and the third part is labelled as Outlet, which is used to simulate the outer domain around test sample. For numerical simulations, the computational domain was discretized by using the hex dominant mesh method. After automatic mesh based defeaturing, a grid with 13520 nodes and 15377 elements was generated, as shown in Fig. 2b. 
Mathematical model
The testing solution was composed of a continuous phase (water) and a discrete phase (sand). During the simulation, it was assumed that water was incompressible flow, and there was no heat exchange between the water and sand particles. For the continuous phase, the steady state Reynolds averaged Navier-Stokes (RANS) equations were used for modelling the turbulence. The continuity and time averaged-momentum conservation equations (dropping the overbar on the mean velocity ̅) for the water phase are required to solve [14] : 
Momentum equation
where ρ is density, u is velocity, p is the static pressure, and μ is viscosity of the water phase. The additional term(−ρu i ′ u j ′ ̅̅̅̅̅ ), Reynolds stress, represented the effects of turbulence, and must be modelled to close Eq. (3). These Reynolds stresses were modelled by using the SST k-ω turbulent model. The shear stress transport (SST), which is based on a blending of k-ω and k-ε turbulence models, was used to express the turbulent fluid flow in the inner region of the boundary layer, as well as in the outer part of boundary layer, for a wide range of Reynolds numbers [15, 16] . The transport equations for the SST k-ω model had the following forms [14] :
In these equations, the term Gk represented the production of the turbulence kinetic energy; Gω represented the generation of ω; Γk and Γω represented the effective diffusivity of k and ω, respectively; Yk and Yω represented the dissipation of k and ω, respectively, due to turbulence; and Dω represented the cross-diffusion term.
For the discrete phase, sand particles were tracked using the discrete phase model (DPM) in the Lagrangian frame of the reference where the particle trajectory was given as [10, 14] :
The trajectory of a discrete phase particle could be predicted by integrating the force balance on the particle in ANSYS Fluent software. This force balance equated the particle inertia, with the forces acting on the particle, and could be written as [14] :
where Fi is an additional acceleration (force/unit particle mass) term, which included the virtual mass, Brownian force, Saffman's lift force, and thermophoretic force [17] . The second term is the gravity force acting on the sand particle, which strongly depended on the water-sand density difference. ( − )
is the drag force per unit particle mass, which depended on the water properties, particle geometry configuration, and sand-water velocity difference. FD is defined as: = 
where is the fluid phase velocity, is the particle velocity, μ is the molecular viscosity of the fluid, ρ is the fluid density, is the density of the particle, and is the particle diameter. is the relative Reynolds number, which is defined as:
The drag coefficient as a function of the particle Reynolds number was defined by:
where 1 , 2 , and 3 were constants that were applied over various ranges of the Reynolds number given by Morsi and Alexander [18] , which was suitable for spherical particles. In this study, the drag force was the dominant term. The additional acceleration term, Fi, was often much smaller than the drag force and could be neglected. Particle erosion rates could be monitored at wall boundaries. The erosion rate was defined as [14, 19] : (11) where ( ) was a function of particle diameter, was the impact angle of the particle path with the wall face, ( ) was a function of impact angle, was the relative particle velocity, ( ) was a function of the relative particle velocity, and was the area of the cell face at the wall. When the impact angle is 90°, the function of the impact angle is equal to 0.4 [11] . The velocity exponent and the diameter functions were set to 2.6 and 1.8*10 -9 , respectively [20] .
The type of solver was pressure-based, and the steady flow solver had been selected. In the parameter setting, the continuous phase was set to water, which was downloaded from the fluid database, and the density and viscosity of the water phase are ρ = 998.2 kg/m 3 and μ = 1.003*10 -3 kg/(m•s),
respectively. Similar to the sand used in erosion testing, the size and density of the particles was set to 300 μm and 2600 kg/m 3 , respectively. The particle trajectories were tracked using a discrete random walk model [14, 21] , which considered the effect of turbulent velocity fluctuations. The density of the wall face was set to 8030 kg/m 3 , which is similar to the density of the test sample. The boundary condition of the inlet was set to velocity-inlet, which was suitable for incompressible flow. The outlet type was set to the outflow, which was generally used in a fully developed flow field. A convergence criterion of 1.0*10 -5 was applied. Before calculation, the solution needed to be initialized.
The ANSYS fluent 14.5 software was used to simulate the erosion behaviour of the X65 pipeline steel under different flow velocities and sand concentrations. After post processing of the numerical simulation, the flow path, pressure contour and erosion rate distribution were obtained.
RESULTS AND DISCUSSION
Effect of the flow velocity
The streamline and static pressure contour of the erosion process under a flow velocity of 17 m/s and a sand concentration of 0.05% are shown in Fig. 3 . It can be observed from Fig. 3 that the fully developed flow velocity occurs at the inside region of the outlet, which implies that the design length of the jet satisfies the requirement of a stable outlet flow. In addition, the water phase diverges from the centre of the impact sample (Fig. 3a) , which is in good agreement with the real water-sand erosion loop system in the experimental tests. From the centre to the periphery of the sample, the static pressure is continuously decreased (Fig. 3b) . The maximum static pressure is located at the centre of the sample, which depends on the velocity of the water phase [10] . Fig. 4 is the distribution of the erosion rate of X65 pipeline steel by numerical simulation of the discrete phase model under different flow velocities with a sand concentration of 0.05 wt.%. It can be seen that the erosion of steel is located high in the range of -2.5 to 2.5 mm around the centre of the sample, which is in accord with the eroded surface after the experiments. Similar results have also been reported by Zhao [22] and Islam [23, 24] . The reason is that the sand particles that are away from the nozzle centre readily follow the fluid path lines due to dominance of the drag force over the inertia force of the sand particles, and this will reduce the protective effect of the film layer on the metal surface. It can also be concluded that the maximum erosion rate (1.2*10 -6 , 2.3*10 -6 and 3.4*10 -6 kg/m 2 •s under the flow velocities of 11, 14 and 17 m/s, respectively) appeared in the centre of the sample and clearly increased with the increasing flow of velocity (Fig. 5) . After the average, the erosion rate of steel under flow velocities of 11, 14 and 17 m/s are 3.97*10 -7 , 6.12*10 -7 and 9.00*10 -7 kg/(m 2 •s), respectively. These results are in general agreement with those reported in [12, 25, 26, 27] . From the point of view of the physical mechanism, on the one hand, the influence of the increasing velocity on the erosion rate can be associated with the impact of sand particles and the amount of energy transferred by each particle per impact. Both mechanisms can generate greater deformation, producing cracks and deep cuts on the surface and leading to increased material loss (as shown in Fig. 5 ). On the other hand, the increasing turbulence of the simulated formation water with the flow velocity also produces a disorientation of the particles with respect to the nominal direction expected for laminar flow, which further facilitates the removal of the material. From the point of view of the electrochemical mechanism, the increasing velocity can contribute to the erosion-corrosion rate by increasing the corrosion rate of the metallic target through mechanisms associated with flow-accelerated corrosion and erosion-enhanced corrosion [25] . The explanations proposed in previous papers [28] [29] [30] for these effects are mostly caused by the following: i) an increase in the mass-transfer coefficient of the electroactive species in the electrolyte to and from the electrode surface; ii) an increase in the surface roughness leading to an increment in the electrochemical activity of the metal by forming galvanic microcells on the surface of the material, thus allowing localized corrosion to take place; and iii) an increase in the oxygen concentration with increasing velocity at the metal interface implies an increase in the cathodic current, and the rate of corrosion is expected to rise [31] . 1.0x10 -6
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1.5x10 -6 2.0x10 -6 2.5x10 -6 3.0x10 -6 3.5x10 -6 4.0x10 The erosion rate of X65 steel under a continuous phase (CP rate) was determined in simulated formation water without sand particles and is shown in Table 3 and Fig. 6 . From Table 3 and Fig. 6 , it can be observed that the erosion rate by the continuous phase is also increased with the flow velocity, to about three or two times the erosion rate by the discrete phase (DPM rate) under the same flow velocity. By combining the erosion rates of the discrete phase and the continuous phase, the erosion rate of the X65 steel under different flow velocity can be obtained, which is shown in Table 3 and Fig. 6 .
The erosion rate of X65 steel by the experimental water-sand erosion loop system was measured and is shown in Table 3 and Fig. 6 . The erosion rate by the experimental method is clearly increased with the flow velocity and is slightly smaller than the DPM+CP rate. All of these results implied that there is a good consistency between the experimental rate and the simulation rate, and the numerical simulation method is appropriate for the erosion of X65 steel in simulated formation water. Similar results were also reported by Nguyen et al. [12] , Aguirre and Walczak [25] . The different values of the inlet velocity were used in both numerical simulations and experiments to investigate the effect of the impact velocity on both the erosion rate and the surface evolution. Similarly, a mixture of water and sand was perpendicularly sprayed onto the surface of the test sample. It was clearly seen that a higher erosion rate was caused by the increasing of flow velocity under the same concentration of sand particles. It can be seen from Fig. 6 that the numerical results have the same trend as the experimental data. Both numerical simulations and experiments confirm that the erosion rate is a linear function of average inlet velocity. However, it can also be seen that the numerical simulation is larger than the experimental data. On the one hand, this can be explained by the fact that the sand particle shape factor is maintained constant throughout the entire simulation process, while the sand particles in our experiment become rounded in the erosion process due to the recycle use of sand particles. Moreover, the particle-particle interaction might also occur in the experiments, but this interaction is not considered in the simulations. On the other hand, the sand particles are treated as ideal points; therefore, the actual psychical presence of a finite-sized particle was not considered. This can lead to errors in predicting the particle-particle interaction as well as the particle rebounding from the sample surface, thus reducing the accuracy in predicting the erosion rate [32] . 1.0x10 -6
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Effect of the sand concentration
The distribution of the erosion rate of X65 pipeline steel by the discrete phase model under different sand concentrations in the flow velocity of 11 m/s is shown in Fig. 7 . It can be seen from •s), respectively. These results are consistent with the research findings that were reported by other authors [33] [34] [35] [36] . The sand particles could destroy the protective film on the material, thereby exposing the bare metal surface to the simulated formation water. The wear of the atoms on the metal surface accelerates with the increasing sand concentration. The impact, or abrasion, by sand particles is the dominant material removal mechanism [37, 38] . 1.0x10 -6
1.5x10 -6 2.0x10 -6 2.5x10 -6 3.0x10 -6 3.5x10 -6 4.0x10 Table 3 , the erosion rates under the continuous phase and the discrete phase are calculated and listed in Table 4 . From Table 4 , it can be seen that more erosion is caused by the discrete phase component (DPM rate) with the increasing sand concentration in the simulated formation water. The erosion of X65 steel was tested in simulated formation water with different sand concentrations by using a water-sand erosion loop system, and the erosion rate was determined in Table  4 and Fig. 8 . As shown in Table 4 and Fig. 8 , the erosion rate of X65 steel clearly increased with the increasing sand concentrations, and the experimental erosion rate was nearly the same as the DPM+CP rate (Fig. 8) under different sand concentrations. It was observed that the numerical results also have the same trend as the experimental data. These results agree with previous observations [39] .
From the above discussion, it can be concluded that for the erosion under different flow velocities or sand concentrations, the numerical simulation results have good consistency with the experimental erosion rate. Therefore, the numerical simulation method based on the geometry model, shear stress transport (SST) k-ω turbulence model and discrete phase model (DPM) is appropriate to simulate the erosion behaviour of the X65 pipeline steel in simulated formation water. In addition, there is an interaction between the flow velocity and the sand concentration. On the one hand, sand particles destroy metal surface and lead to material wear. On the other hand, the velocity of flow will accelerate the surface wear and increase the corrosion of fluid to the metal surface. Similar experimental results were reported by Rajahram [26] , which indicated that at low velocities, the increasing sand concentration does not severely affect the erosion-corrosion rates, which indicates that the velocity has a more dominant effect. In this situation, although the number of sand particles is increased, there is insufficient kinetic energy to cause significant wear on the material. Above 8 m/s, the sand concentration starts to play a dominant role in the erosion-corrosion process, where the high number of sand particles within the medium with higher kinetic energy per particle produces more damage on the surface and can effectively remove the oxide film to cause high erosion and corrosion rates. 1.0x10 -6
CONCLUSIONS
(1) With the increasing of flow velocity, the erosion rate of X65 pipeline steel in simulated formation water is clearly increased, and the erosion rates under the discrete phase and the continuous phase are both enhanced. Whereas the erosion rate of X65 pipeline steel, especially the erosion rate under the discrete phase, is increased rapidly with the increasing sand concentrations in simulated formation water.
(2) The erosion behaviour is simulated by using a geometry model, SST k-ω turbulence model and DPM model. Furthermore, there is a good agreement between the numerical simulation erosion rate and the experimental results.
